Mammalian ribonucleotide reductase is a complex enzyme modified in its activity by a complex regulatory system involving adenosine triphosphate (ATP) and deoxyribonucleoside triphosphates. Infection of KB cells with herpes simplex virus (HSV) type I or 2 induces the formation of an altered ribonucleotide reductase. The properties of partially purified reductase from uninfected KB cells have been compared with the enzymes obtained from HSV-I and HSV-2 infected KB cells. We found that the virus-induced enzymes are similar to the KB enzyme in some properties but differed significantly from the host enzyme in three respects: (I) virus induced reductase was not inhibited significantly by deoxythymidine triphosphate regardless of ATP concentration, (2) magnesium was not required for virus enzyme activity although 2 mM-Mg 2+ did stimulate the reaction, and (3) magnesium concentration required for optimal activity was different for virus and host enzymes. These changes are evidence that the enzyme molecules present after infection by HSV-I or HSV-2 differ from those present before infection.
INTRODUCTION
Ribonucleotide reductase is responsible for the reduction of ribonucleoside phosphate molecules to the deoxy form (Reichard, I967, I972) . This enzyme appears to play a critical role in the regulation of mammalian and bacterial DNA synthesis (Elford, I972; Reichard, I967, 1972) . Ribonucleotide reductase is an allosteric enzyme modified in its activity by a complex regulatory system involving ATP and deoxyribonucleoside triphosphates (Moore & Hurlbert, I966) . These molecules can have both positive and negative effects on the enzyme depending upon their concentration. In mammalian cells (Bjursell & Reichard, I973; Roller & Cohen, 1976 ) deoxyribonucleoside triphosphate (dTTP) inhibits ribonucleotide reductase and prevents production of deoxycytidine nucleotides from cytidine. This inhibition is the mechanism for synchronizing mammalian cells by thymidine block (Bjursell & Reichard, 1973) . Infection of KB cells with HSV (type I or type 2) induces the formation of a ribonucleotide reductase activity with altered regulatory properties (Cohen, I972; Cohen, Factor & Ponce de Leon, ~974) . We previously reported that the virus-induced activity present in crude extracts is markedly less sensitive to inhibition by dTTP than its counterpart from uninfected KB cell extracts (Cohen, I972; Cohen et al. I974) . We interpreted this change in the regulatory properties of the enzyme as evidence that the enzyme molecules present after infection are structurally different from enzyme molecules present before infection. The HSV-induced enzyme, be it a virus modified host enzyme or a new virus gene product, could, like the mammalian cell enzyme, play a key role in the synthesis and control of HSV DNA. However, negative allosteric inhibition of ribonucleotide reductase by dTTP is dependent upon the concentration of ATP as well as substrate (Larsson & Reichard, I966a; Larsson & Reichard, I966b; Moore & Hurlbert, 1966) . Therefore the differences we had previously observed between host and virus activities could reflect differences in ATP or substrate concentration. In order to answer this question, we purified the three enzymes sufficiently to result in a reproducible preparation suitable for studying enzyme properties and to meet the basic tenets of an enzyme assay. We then reassessed the effects of CDP, ATP and TTP on the partially purified enzymes.
In the present report, we have compared the properties of partially purified reductase isolated from KB cells with that obtained from HSV-I and HSV-2 infected KB cells. We found that the virus-induced enzymes are similar to KB enzyme in some properties but differ significantly from the host enzyme in other respects. Our evidence shows that the HSV-I and HSV-2 ribonucleotide reductases are quite similar to each other.
METHODS

Cell cultures.
Conditions for growth and maintenance of KB cells in suspension culture have been previously described (Cohen, Vaughan & Lawrence, I97I ; Cohen, I972) .
Cell synchronization. KB cells were synchronized by the double thymidine (TdR) method previously described (Cohen et al. I974) .
Virus strains and infection. The HF strain of HSV-r and the SAV strain of HSV-2 were used. The procedures employed for the preparation of virus and titration are the same as previously described (Cohen et al. I97t ; Cohen, I972) . KB cells were infected at an input multiplicity of 20 plaque forming units (p.f.u.) of virus per cell I h prior to reversal of the TdR block (Cohen, I972) .
Preparations and partial purification of ribonucleotide reductase. Synchronized KB cells either uninfected or infected with HSV were harvested at 8 h post-TdR reversal by centrifugation (at 800 g for 15 min) and washed with 150 mM-tris (hydroxymethyl)-aminomethane (tris), pH 7"8. The cell pellets were resuspended in 50 mM-tris containing I mM-dithiothreitol (DTT), disrupted by sonic treatment, and centrifuged at Io 5 g for 2 h. Nucleic acids were precipitated from the supernatant fluid by the addition of 0"3 ml of 5 ~o (w/v) streptomycin sulphate/ml of extract. Solid ammonium sulphate was added to the supernatant to bring it to 40 % saturation. The 40 °fo precipitate was removed by centrifugation and dissolved,in tris-DTT buffer. Ammonium sulphate was added to the supernatant to bring the concentration to 70 %. The resulting precipitates were dissolved in tris-DTT buffer, dialysed against tris-DTT and then passed through a Sephadex G-5o column. The 40 °Jo ammonium sulphate fraction contained greater than 90 % of the activity. DTT was included in all buffer systems, since the omission of DTT resulted in a significant and irreversible loss in the enzyme activity. This loss of activity amounted to 42 % for KB and 60 ~o for HSV-I. There was no apparent loss in activity in HSV-2 extracts when DTT was omitted. The samples were concentrated by ultrafiltration (PM-Io membrane, Amicon Corp.) to a protein concentration of 2 to 4 mg/ ml and stored at -Ioo °C in a Union Carbide liquid nitrogen refrigerator. Under these conditions, partially purified ribonucleotide reductase activity remained stable for several months.
The standard reaction mixture (0"25 ml) contained: IOO mM-tris, pH 7"6; 5 mM-ATP; 2.0 mM-DTT; o.ozz mM-CDP, 3"0 #Ci of 5-~H-CDP (sp. act. varied from I6 to 23 Ci/mmol); 5 mM of MgC12 for KB and 2 mM for HSV-~ and HSV-2 enzyme extracts. The samples were incubated at 3o °Cfor 15 min; the reaction was stopped by addition of 0"25 ml of 2 N-HC1. Cytidine monophosphate (CMP) and deoxycytidine monophosphate (dCMP) were added at a concentration of o'4 mM to act as carrier compounds. The samples were heated at ioo °C for I5 min and the precipitated material was separated from the supernatant fluid by centrifugation. The supernatant fluid was evaporated to dryness in a desiccator containing solid KOH and P205. Samples were redissolved in water and analysed by paper chromatography as described previously Identification of products of the reaction with CDP as substrate. This was accomplished by paper chromatography using non-radioactive CMP and dCMP standards. Under standard conditions (when ATP was present in the assay mixture -see below) the chromatograms were developed for ~8 h. No further separation of compounds in the dCMP region was obtained when the chromatograms were developed for up to 42 h. The chromatograms showed a single radioactive spot for the product of the reaction which co-migrated with the dCMP standard. The products were analysed further by two-dimensional TLC chromatography on cellulose PEI (Baker-flex) according to the method of Randerath & Randerath (I967) . When 3H-CDP or zzP-CDP was used as substrate for the enzyme reaction, two radioactive spots were found; a major one identified as CMP and a minor one identified as dCMP. Protein was precipitated with 5 % trichloracetic acid and measured by the method of Lowry et al. (1950. Chemical compounds. CDP, CMP, dCMP, dTTP and DTT were purchased from Sigma Chemical Co. (St Louis, Mo.) 5-3H-CDP was purchased from Amersham/Searle, Corp. (Arlington Heights, Ill.), and 32P-CDP from New England Nuclear. The labelled material was used as received from the manufacturer. Purity was tested by paper chromatography and by TLC chromatography. Tetrahydrouridine was the generous gift of Dr H. Renis, The Upjohn Company (Kalamazoo, Michigan).
RESULTS
Purification of ribonucleotide reductase
The results of the purification procedure are summarized in Table I . In all three cases the specific activity of the partially purified enzyme was approx, io-fold higher than that of the IOOOOO g supernatant. Similar values were obtained for other mammalian reductases (Fujioka & Silber, I97o, Hopper, I972 ) . Recovery of enzyme activity exceeded Ioo°fo, suggesting that inhibitory material was removed during these procedures. A similar phenomenon has been reported for ribonucleotide reductase in other mammalian cell systems (Larsson, I969; Fujioka & Silber, I97o ) . Our efforts to purify the enzymes further by ion exchange chromatography on DEAE Sephadex, DEAE cellulose, CM-Sepharose or precipitation of the enzyme at pH 5"o were unsuccessful; other workers (Moore & Reichard, I964; Brown et al. I969; Fujioka & Silber, I97o) have experienced similar difficulties. In each case the procedures resulted in significant losses of total enzyme activity with no increase in specific activity. It is possible that the KB and/or virus ribonucleotide reductases are in a complex with a thioredoxin reductase as reported for Escherichia coli (Berglund et al. ~969) and for rat hepatoma (Moore & Hurlbert, I966) and that separation of the complex resulted in an apparent loss of activity. However, we did not observe any stimulation of enzyme activity when fractions eluted from a DEAE Sephadex A5o column were mixed. If there was an enzyme complex that was separated by DEAE Sephadex chromatography, that separation caused an irreversible loss of activity.
Requirements for the formation of dCDP Enzyme concentration and time
In all cases (KB, HSV-I and HSV-2) the amount of dCMP formed, using CDP as substrate, was proportional to enzyme concentration in the range of 50 to 350 #g of protein. The reaction was found to be linear for at least 20 min.
pH Fig. I (a) shows the effect of pH on the reaction rate over the pH range 7 to 9"0. All three enzyme preparations had maximum activity at pH 7"6 and were inhibited substantially at higher pH. Fig. I (b) shows that the velocity of the reaction for enzyme from infected or uninfected cells was maximal at 30 °C. At higher temperatures there was a marked decrease in the activity of all three enzymes. HSV-I appeared somewhat more resistant to heat inactivation. Experiments performed to compare the thermostability of virus and KB enzymes did not show any appreciable differences. In each case pre-incubation of the enzyme at 4I °C for 3o min resulted in a 35 % decrease in activity. The presence or absence of substrate during the incubation did not alter these results. Additional studies at higher temperatures should be performed before concluding that the three enzymes have the same thermostability.
Optimal temperature
Requirement of Mg 2+ ion for reductase activity
KB cell reductase exhibited an absolute requirement for Mg ~+ ions (Fig. I c) . Maximum activity was observed at 5 mM-Mg ~+ and higher concentrations inhibited the reaction. In contrast Mg 2+ was not required for the virus enzymes to function (50 to 6o % of maximum activity); however, in each case 2 mM-Mg ~+ stimulated the reaction twofold. At higher concentrations there was a marked inhibition of enzyme activity. This difference in response to exogenous Mg z+ might reflect differences in binding of Mg 2+ to the enzyme complex of HSV-I and HSV-2 infected cells. In any event there is a major difference between the host and virus enzymes with respect to the requirement for exogenous magnesium. 
Requirement of ATPfor reductase activity
ATP was absolutely required for the enzymatic conversion of CDP to dCDP by all three enzyme preparations (Fig. I d) . Both the virus and KB enzymes show maximum activity at 5 mM-ATP; altering the Mg z+ concentration (2, 3"5, or 5 m~a) had no effect on this result.
In the absence of exogenous ATP, CDP was converted almost quantitatively to a product other than dCMP. The product had an RF similar to that of dTMP on paper chromatograms. However, preliminary experiments indicated that the product did not co-chromatograph with dTMP when separated by two dimensional thin layer chromatography on PEI cellulose by the method of Randerath & Randerath (I967) . Since the conversion of CDP to dTMP must involve reduction of the sugar as well as de-amination and methylation of the pyrimidine it is not clear how such a reaction could occur in the apparent absence of ATP. Further experiments are necessary to clarify the actual product of the reaction and the requirements for it to occur.
Under the standard conditions of our assay (with ATP present) this reaction did not occur to any measurable extent. Preliminary experiments show that tetrahydrouridine, an inhibitor of cytidine deaminase (Camiener, I968), had no effect on this reaction. The reaction occurred with the three enzyme preparations studied here as well as with crude extracts of uninfected L cells, baby hamster kidney and rat cells transformed by adenovirus 5. These results are in contrast to those reported for Novikoff ascites cells where the CDP substrate was essentially unchanged in the absence of ATP (Moore & Hurlbert, I966) . Fig. 2 shows the effect of CDP concentration on the velocity of the reaction. The K,, for KB reductase using CDP as substrate was 3"5 × IO-6 ra. The Km for HSV-[ and HSV-2 was 1.2 × io -s M. Under our standard assay conditions CDP was present at a concentration of 2.2 x xo -5 ~. This represents five times the Km for the KB enzyme and two times the Km for the virus enzymes. We conclude that all three partially purified enzyme preparations had similar kinetics with respect to substrate concentration. However, the identification of the actual substratCfor the enzyme is incomplete under the conditions of incubation employed in these experiments. We do'not know the true concentration of substrate encountered by the enzyme. Thus, the true K,,r_for each enzyme might differ somewhat from the values given here.
Substrate concentration
Effect of varying ATP concentration on the inhibition of ribonucleotide reductase by dTTP
For the KB enzyme, varying the concentration of ATP from 2 to Io mM had no significant effect on the'degree of inhibition exerted by dTTP (Fig. 3) studied, enzyme activity was inhibited by 70 to 80 % at 4 mM-dTTP. Changing the Mg ~+ concentration (2, 3"5, or 5 mM-Mg 2+) at each ATP concentration did not alter the pattern of inhibition. Fig. 4 shows the effect of dTTP on the HSV-I and HSV-2 ribonucleetide reductase at the optimal conditions of ATP (5 raM) and Mg ~+ (2 raM). At 4 mM-dTTP the virusinduced enzymes were inhibited by less than 2o %. No differences in these patterns were observed at concentrations of ATP ranging from 2 mM to I0 mM and Mg 2+ concentrations ranging from I mM to I0 raM. It is apparent that under optimal conditions the partially purified HSV enzymes are just as insensitive to dTTP as the crude virus enzymes (Cohen, I972; Cohen et aL t974) and that ATP did not appear to alter these results.
Other possibilities to explain the difference between virus and cell reductase
We explored two possibilities which could explain the observed resistance of the virus induced enzyme to dTTP inhibition. The first is the catabolic destruction of the inhibitor dTTP by a putative 'dTTPase' found after infection. To examine this possibility the host and virus enzymes (8 h post infection) were each incubated with 3H-dTTP (z raM) under the standard assay conditions. In each case virtually all of the radioactivity co-chromatographed with authentic dTTP indicating that the effector was present under these conditions. The second possibility is the presence of activators or inhibitors of enzyme activity in the virus extract. Mixing experiments were performed in which KB enzyme was mixed with HSV-I or HSV-2 enzyme in the presence or absence of I mM-dTTP. The activity of a mixture of the two enzymes was equivalent to the sum of the activity of the same quantity of each enzyme measured separately. This experiment failed to detect any apparent inhibitors or activators in any of the partially purified preparations. This suggests that none of the extracts contained unique compounds which would affect reductase activity in a different extract.
DISCUSSION
In the present study, we established optimal conditions to permit comparable studies of the partially purified ribonucleotide reductase extracted from HSV-I and HSV-2 infected and uninfected KB cells. Under these conditions we found that both virus-induced reductase activities were highly resistant to inhibition by dTTP. These results confirm those obtained with crude extracts of HSV-I and HSV-2 infected ceils (Cohen, ~972; Cohen, et al. I974) . In fact, the partially purified virus induced enzyme extracted at 9 h post infection functioned at 8o to 90 % of capacity even in the presence of 4 mM-dTTP. In contrast, the partially purified ribonucleotide reductase activity from KB cells was highly sensitive to inhibition by exogenous dTTP. The effect of dTTP on each of the three enzymes was not influenced by ATP (Larsson & Reichard, I966a, b; Moore & Hurlbert, I966) . Thus we conclude that there is a change in the regulatory properties of the enzyme found after infection of KB cells with either HSV-I or HSV-2. Furthermore, the properties of HSV-I and HSV-2 ribonucleotide reductase studied here are quite similar. These results tend to confirm the conclusion made in a previous report that the reason for the block to HSV-2 replication by excess thymidine is not at the level of ribonucleotide reductase activity (Roller & Cohen, I976) .
Although the virus and host enzymes possessed a number of common properties they responded very differently to changes in Mg 2+ ion concentrations. KB cell reductase activity has an absolute requirement for Mg 2+ and maximum reduction of CDP occurred at 5 mMmagnesium. In contrast, Mg ~+ was not required by either of the two virus enzymes; however, 2 mM-Mg 2+ did stimulate the reaction twofold. Interestingly, the virus enzymes were markedly inhibited by 5 mM-Mg ~+, the optimal concentration for KB cell reductase. The changes in the regulatory properties and the altered response to Mg 2+ serve as evidence that the enzyme molecules present after infection are different from those present before infection. For example, it is quite possible that the virus induced enzyme has a much higher affinity for Mg 2+ ions than the host enzyme or it could be that the virus enzyme contains a covalently linked metal ion that would allow binding of ATP in the absence of added magnesium. It is also possible that ATP is able to bind to the virus enzyme without the aid of a metal ion. All of these hypotheses require that the virus reductase is modified either by alteration of a pre-existing host enzyme or by formation of an entirely new enzyme after infection by HSV-I or HSV-z. In order to determine which of these hypotheses is correct the enzymes must be purified further.
Since virus reductase activity appears to function in the absence of Mg ~+ ions and the host enzyme does not, it should be possible to study the virus-induced enzymes under conditions which virtually eliminate host enzyme activity. This should facilitate the study of the synthesis and regulation of the virus enzyme in productively infected cells in much the same manner as ammonium sulphate is used to study HSV-induced DNA polymerase (Keir et aI. I966) . Interestingly, these changes observed in the virus-induced ribonucleotide reductase bear some resemblance to the changes observed in E. coli after infection with bacteriophage T4 (Berglund, Karlstrom & Reichard, I969) . In contrast to the E. coli enzyme, the purified T4 ribonucleotide reductase has no absolute requirement for Mg ~+ but is stimulated two-to three-fold by this cation (Berglund, I972a, b) . Moreover, the regulatory properties of T4 reductase differ from the E. coli enzyme with respect to the effects of dATP. This nucleotide is a prime effector for the reduction of pyrimidine ribonucleotides in the infected cell, while it is a general inhibitor of the 17. coli enzyme (Berglund, ~972a, b) .
Our observations of an HSV altered reductase activity do not appear to be unique within the herpes group. For example, Kaplan (i 964) presented evidence that pseudorabies induced a new reductase with altered regulatory properties in infected RK cells. EB virus DNA synthesis (Hampar et al. I972; Mele et al. 1974 ) and equine abortion virus (Cohen et al. ~975) have been shown to be resistant to hydroxyurea at levels enough to inhibit cellular DNA synthesis. These latter authors also evoke the concept that these herpes viruses may code for or induce an altered ribonucleotide reductase which is refractory to the action of this drug.
While it is clear that ribonucleotide reductase plays a critical role in host and cell DNA synthesis we can only speculate on the role of the HSV reductase in the infectious cycle. Previously (Cohen, 1972 ) , we postulated that induction by HSV of a new set of enzymes which are refractory to the inhibitory control exerted by dTTP may free the virus from normal cellular controls. This would allow pyrimidine synthesis to continue in cells that have shut down their machinery for synthesizing DNA.
In this light, both Jamieson & Bjursell (1976) and Cheng, Goz & Prosoff(I975) reported a vast increase in dTTP levels in HSV-I infected mammalian cells. Jamieson & Bjursell 0976a, b) suggested that this increase in levels of dTTP may not be required for DNA synthesis but may have some role in controlling cellular metabolic processes, for example, switching off host enzymes such as ribonucleotide reductase or deoxycytidine deaminase. 
